Abstract. A CHARMM molecular mechanics force field for lignin is derived. Parameterization is based on reproducing quantum mechanical data of model compounds. Partial atomic charges are derived by the examination of methoxybenzene:water interactions. Dihedral parameters are optimized by fitting to critical rotational potentials, and bonded parameters are obtained by optimizing vibrational frequencies and normal modes. The force field is validated by performing a molecular dynamics simulation of a crystal of a lignin fragment molecule and comparing simulation-derived structural features with experimental results. Together with the existing force field for polysaccharides, this work will enable full simulations of lignocellulose.
Introduction
The plant cell wall is made of cellulose microfibrils embedded in a matrix of polysaccharides (hemicellulose and pectins) and lignin [1] . Plant cell wall structure has come under renewed interest recently in the context of the production of bioethanol from the enzymatic hydrolysis of lignocellulosic biomass [2] . Cellulosic ethanol production is a two-stage process involving first the hydrolysis of cellulose by cellulases to smaller oligosaccharides and then fermentation of the sugars to ethanol. The hydrolysis step is the bottleneck of the process because of the natural resistance, or "recalcitrance," of plant cell walls to degradation [2] .
Two main physical factors contribute to biomass recalcitrance [3] . First, cellulose is found in crystalline fibrils the compact structure of which impedes enzymatic access. In comparison, amorphous cellulose is readily digested by enzymes [4] . Second, matrix polysaccharides and lignin coat the cellulose fibril and act as a physical barrier preventing enzymes from reaching the cellulose. Confirmation of the contribution of lignin to biomass recalcitrance is provided by the finding that removing lignin from biomass increases the cellulose-hydrolysis yield from ∼ 20% to 98% [5] .
Lignin is a heterogeneous biopolymer found in the plant cell wall; for a review see [6] . It is formed by radical polymerization of three alcohol monolignols: p-coumaryl, coniferyl, and sinapyl, shown in figure 1a. The chemical composition and structure of lignin is highly heterogeneous, varying significantly between plant species and even within different parts of the same plant cell wall. Although complex, lignin is composed primarily of three units phydroxyphenyl (H), guaiacyl (G), and syringyl (S), derived by oxidation of p-coumaryl, coniferyl and sinapyl respectively. An illustration of one G and one S units is shown in figure 1b .
Five types of linkages connect the units, leading to the formation of the long lignin biopolymer. The most common linkage (50-80% probability) is β-O-4 , connecting the oxygen of the hydroxyl Computer simulation is a powerful tool for complementing experiment in obtaining an understanding of the molecular-level structure and dynamics of lignocellulose. The computational studies of lignin [7, 8] employed the CHARMM27 empirical force field, which was developed to model proteins rather than lignin. In this paper we present the first essential step toward the accurate computer simulation of lignin: the derivation of a molecular mechanics force field, complementing the CHARMM force field. Together with the existing force field for polysaccharides [9] , this work will enable full simulations of lignocellulose.
Parameterization strategy
In this section we outline the general strategy employed to obtain the force field of lignin. The CHARMM potential energy function [10] of a molecule is approximated by a sum over bonded interactions (bond and angle vibrations and dihedral rotations) and nonbonded interactions (Coulomb electrostatic interactions and the Lennard-Jones potential for the van der Waals interactions). The strength of these interactions is determined by a set of parameters, such as bond, angle and dihedral force constants, partial atomic charges and Lennard-Jones parameters. These empirical parameters are molecule dependent and must be optimized to model the specific molecule prior to performing simulations. This optimization step is referred to as parameterization and its application to the case of lignin is the main task of this work.
This parameterization of lignin follows the main procedure of parameterization of proteins [11] and ethers [12] for the CHARMM force field. Lignin also has a linear ether bond, but different from those examined in [12] in that the oxygen is bonded to a phenyl ring and a tertiary carbon. For this reason it was found necessary to create a new atom type, OET, to represent the lignin's ether oxygen. Parameters were optimized by considering two factors. Firstly, the target data was reproduced as closely as possible. Second, compatibility with the existing CHARMM force field was ensured by restricting optimization to parameters that did not already exist.
Two model compounds were used, since extensive quantum mechanical (QM) calculations on a full lignin dimer are computationally expensive. The first model system, methoxybenzene, also known as anisole (see figure 1c) , incorporates the basic features of a β-O-4 link, an ether oxygen bonded to a tertiary and an aromatic carbon. Anisole was used to obtain all parameters involving the ether oxygen atom. The second compound (see figure 1d ) is p-hydroxyphenyl (PHP), the simplest lignin unit. PHP was used to obtain all lignin parameters not involving the ether oxygen. The optimization strategy for the new parameters is summarized below. Equilibrium values for bonds, angles and dihedrals were taken from MP2/6-31G * QM optimized geometries and were not further revised. The van der Waals parameters were taken unaltered from the existing protein [11] and ether [12] CHARMM force fields. Parameterization of the van der Waals parameters for the new atom type, OET, was not deemed necessary since all three ether oxygen types in reference [12] have the same Lennard-Jones parameters. This is a strong indication that the new atom-type in the present work, which is also an ether oxygen, will have the same van der Waals parameters.
Partial atomic charges were optimized by using a supramolecular approach with a model compound (anisole) interacting with one water molecule. The charges on the new atom type OET and its adjacent carbons were optimized by examining the minimum interaction energies and distances between anisole and a water molecule. The convergence criterion for charges was a < 5% difference between QM and molecular mechanics (MM) energies. The HF/6-31G * energy was computed varying only the inter-molecular distance so as to locate the minimum-energy separation and interaction energy. Anisole and water were fixed at their MP2 optimized and TIP3P [13] geometries, respectively. For comparison between the QM and MM data, the QM energies were scaled by a factor of 1.16 so as to correct for the absence of polarization and attractive Lennard-Jones contributions in the Hartree-Fock calculations, but no correction was made for basis set superposition error [12, 14] .
After completing the nonbonded interactions, parameters for dihedral rotations were deduced from QM (MP2/6-31G * ) potential energy surfaces. In cases where QM surfaces were well reproduced, the value of the force constant that gave the smallest error was chosen. In the cases where the shapes were not as well reproduced emphasis was placed on the low-energy region < 3 kcal/mol.
The remaining bond and angle parameters were derived by reproducing QM vibrational frequencies and normal modes with the automated frequency matching method (AFMM) [15] . The DFT/B3LYP/SBKJC/6-31G * level of theory was used and a frequency scaling factor of 0.9614 was used to compensate for the use of the harmonic approximation to the potential energy surface [16] . Good starting values of force constants were provided for AFMM by considering similar existing parameters in ethers, phenol and alcohols. Bond and angle optimization was repeated until the merit function (equation 1) reached a value of less than 60 cm −1 . The iterative procedure was repeated until all convergence criteria were satisfied.
Parameter optimization

Partial atomic charges
The partial charges were adjusted so as to reproduce minimum distances and interaction energies between anisole and a water molecule (see, for example, [17] ). The use of this supramolecular approach ensures that the derived charges take into account effects of polarization. Two geometries were considered in this supramolecular approach, the first (d 0 ) with water lying on the phenyl plane and the second (d 120 ) with the water hydrogen pointing at the position of the lone pair of the ether oxygen. A list of all final atomic charges is shown in table 1.
In order to mimic the effect of electronic polarizability, which is not explicitly taken into account in additive force fields, atomic charges were purposely overestimated. This leads to an enhanced molecular dipole moment, with the QM gas-phase dipole moment being 1.42 Debyes whereas the MM value is 1.66 Debyes. Table 2 shows the comparison of the MM and QM interaction energies and distances, which were used to optimize the anisole charges. The empirical calculations reproduce well the scaled QM interaction energies, with the error being less than 3%. The empirical model gives distances about ∼ 0.3Å shorter than the QM values, a result of intentionally overestimating the gas phase charges to obtain good condensed phase properties. In the previous general force field for ethers a similar behavior was observed with a 
∼ 0.3Å difference between QM and MM [12] . A further calculation was performed to ensure that the partial atomic charges of table 1, which were derived using a model compound, can be transferred to lignin. The minimum interaction energies and distances between a whole lignin dimer (G and S units connected with a β-O-4 linkage), shown in figure 1b, and a TIP3P water molecule were obtained without further refinement of the parameters. This supramolecular complex is labeled as "dimer" in table 2. As in the case of anisole and water, the agreement between the QM and MM interaction energies was excellent, further justifying the use of the charges in Table 1 for the β-O-4 lignin linkage. Furthermore, the lignin dimer had two methoxy groups at position 3 and 5 of the phenol ring, indicating that the presence of the methoxy group does not alter the charge of the ether oxygen.
3.2. Bonded parameters 3.2.1. Dihedral rotations Dihedral rotations around the β-O-4 linkage play a significant role in determining the configuration of the lignin macromolecule, and therefore special care was taken to obtain good parameters for the equivalent dihedrals of the model system. These are ω 1 : X-C 1 -O-C α , where X refers to wild atom types, and ω 2 : C 1 -O-C α -H. The optimization was based on reproducing quantum-chemically obtained adiabatic energy surfaces, where the selected dihedral (ω 1 or ω 2 ) is held constant while the remaining degrees of freedom are allowed to relax to a constrained energy minimum. An example of such potential energy surfaces is shown in figure 2a , where it can be seen that the MM surfaces closely follow the target QM data.
The remaining dihedral parameters of lignin that do not involve the ether oxygen were deduced from the more complex rotational potential energy profiles of the second model compound, PHP. Four dihedrals were examined:
, and ω 6 =X-C 8 -C 9 -X. All other dihedral parameters were obtained from the existing CHARMM force field. To accurately model a specific dihedral potential (e.g., ω 3 ), it was found 
Figure 2: Potential energy for rotation around the (a)
to be necessary to constrain the remaining three (ω 4 , ω 5 and ω 6 ) to their equilibrium values. An example of the resulting energy surfaces is shown in figure 2b . Although the agreement between the QM and MM data is not perfect, the rather complex shapes are reproduced satisfactorily. During parameterization, special care was taken to reproduce as accurately as possible the low energy (≤ 3 kcal/mol) regions since it is these regions that will be thermally most-frequently sampled.
Bond and angle vibrations
The remaining bonded parameters (bonds and angles) were optimized to reproduce vibrational frequencies and eigenvector projections derived from QM calculations. For this the automated frequency matching method [15] (AFMM) was employed, which optimizes the MM parameter set until the best fit with the QM reference set is obtained. AFMM requires both the eigenfrequencies and eigenvectors of the MM set to match with the QM data. This is an important aspect of the method, since it avoids incorrect mode matching and thus misleading reproduction of vibrational frequencies. The merit function is given by
where ω qm and ω mm refer to the vibrational frequencies obtained with QM and the MM methods respectively and N is the number of atoms of the molecule. The resulting plots of ω mm against ω qm for ansisole and PHP are shown in figure 3 and indicate satisfactory matching between MM and QM modes. After optimization the root mean square deviation from the reference set was found to be σ = 51.6 cm −1 for anisole and σ = 55.6 cm −1 for PHP, similar in range to previous parameterizations involving AFMM, which quote values of σ = 47 − 94 cm −1 [19, 20] . A list of the bonded parameters of lignin can be found in [18] .
Force field validation
In the final part of this work, the parameter set was tested without further adjustment against a condensed phase experimental property of lignin that was not used during the parameterization. Because of the highly heterogeneous structure of lignin, the most appropriate experimental data to use is the crystal structure of a lignin-subunit dimer, erythro-2-(2,6-Dimethoxy-4-methylphenoxy)-1-(4-hydroxy-3,5-dimethoxyphenyl)propane-1,3-diol (EPD) [21] . The single crystal -ray diffraction study revealed a triclinic P1 structure whose unit cell dimensions are listed in table 3. In order to mimic as closely as possible the conditions under which the experiment was run, the MD simulation was performed for 64 unit cells using periodic boundary conditions while keeping the temperature and pressure fixed at their experimental values. The MD unit cell dimensions were allowed to vary during the simulation and their time averages are shown in table 3. The cell dimensions were found to be close to the experimental values and the system remained triclinic. The unit cell underwent a moderate expansion, with a 5% increase in volume. After aligning the MD coordinates with the experimental structure, the root mean square deviation between the experimental and calculated structure was found to be 0.173 ± 0.033Å.
It is also of particular importance that the current force field models well the β-O-4 linkage that plays an important role in the conformation of lignin. 
Discussion
This work presents a molecular mechanics force field for lignin that is compatible with the CHARMM potential energy function. The parameterization was based on reproducing quantummechanically derived target data. Special care was taken to correctly describe the most common lignin linkage: the β-O-4 bond. The partial atomic charge of the oxygen and carbon atoms participating in the linkage were derived by examining interactions between a lignin fragment model compound and a water molecule. Dihedral parameters were obtained by reproducing QM potential energy profiles, with emphasis placed on reproducing accurately the thermally sampled low energy regions. The remaining bond and angle parameters were derived using the AFMM method. In order to test the validity of the force field a simulation of a lignin-dimer crystal was performed. The overall good agreement between the structural properties of the MD run and the experiment provide confidence that the force field can be used in simulation of biomass.
The accurate computer simulation of lignin in lignocellulose will present significant challenges. Unlike many biological macromolecules that have been studied with molecular simulation, both the chemical and three-dimensional structures of lignin are relatively poorly researched. However, the present force field provides a basis for constructing molecular models of lignin systems, and, in combination with a range of biophysical measurements, significant progress in determining structures of lignocellulosic biomass can be expected in the near future.
